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The present paper undertakes the study of (C6H9N2)2HgCl4, which is a new hybrid compound. It is syn-
thesized and characterized by a single-crystal X-ray diffraction, Thermal analysis, IR, Raman and imped-
ance spectroscopy. The non-centrosymmetric compound is crystallized in the monoclinic system with
space group P21 and the following unit cell parameters: a = 8.907(1) Å, b = 15.458(9) Å, c = 14.019(8) Å,
b = 102.3(1) and Z = 4. The structure can be described by the alternation of two different, cationic–anio-
nic layers parallel to (110) plan. The cohesion of compound entities is ensured by hydrogen bonding (N–
H  Cl) and p–p interactions. The differential scanning calorimetry reveals three peaks.
Impedance spectroscopy study reveals that the polaron model or the classical hopping model is the
most probable conduction mechanism. As for the temperature and frequency dependence of dielectric
constants, it has been investigated to determine some parameters related to conductivity.
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Pyridine is widely used as a solvent in the synthesis of a large
number of chemicals in various classes. In such classes, pyridine
heterocyclics and its derivatives are commonly present in
Table 1
Summary of crystal data, X-rays diffraction intensity measurements and reﬁnement
parameters of (C6H9N2)2HgCl4.
Formula C12 H18 N4 Hg Cl4
Formula weight 560.69
T (K) 293(2)
Wavelength (Å) 0.71073
Crystal system monoclinic
Space group P21
Unit cell dimensions
a (Å) 8.9070(1)
b (Å) 15.4587(2)
c (Å) 14.0196(2)
b () 102.29(1)
V (Å3) 1886.13(4)
Z 4
Dx (g cm3) 1.975
l (mm1) 8.725
Crystal size (mm) 0.38  0.26  0.20
Crystal form/color prism/colorless
hkl ranges 14 6 h 6 14, 25 6 k 6 25,
22 6 l 6 23
2h Range () 1.99–35.92
Reﬂections collected/unique (Rint) 39548/15570 (0.0374)
Observed reﬂections [Fo > 2r(Fo)] 8615
R. Elwej et al. / Inorganica Chimica Acta 406 (2013) 10–19 11synthetic [1,2] and repeated moiety in many large molecules with
interesting electrochemical and catalytic applications [3–8].
Recently, the pyridine molecule has been used in combination with
different metal transitions such as Hg, Cd, Cu. . . to characterize a
new complexes class containing organic and inorganic parts
[9–11]. For these reasons, the special magnetic, [12] electronic
[13] and optoelectronic properties [14] of pyridine were deter-
mined, as the hybrid compounds containing pyridine molecule
are of great interest in research studies.
These compounds are of the formula A2[MX4], where A is an
organic ammonium cation, usually a protonated base, M is a 2+
transition metal ion and X is a halide (Cl, Br) [15]. Moreover, the
inorganic entities present in such compound offer the potential
for a wide range of electronic properties (enabling the design of
insulators, semiconductors, and metals), magnetic and dielectric
transitions, substantial mechanical hardness, and thermal stability
[16–18].
So, the use of 2-amino-6-picoline with HgCl2 gives birth to a
new (C6H9N2)2HgCl4 complex, of which we managed to ﬁnd single
crystals. The structural characterization, IR-Raman spectroscopies
and AC conductivity analysis are also reported.Reﬁnement F2 full matrix
Number of reﬁned parameters 380
Goodness of ﬁt 1.257
Flack parametera 0.029(8)
Final R and Rw 0.0611/0.1241
Final R and Rw for all data 0.1289/0.1979
w = 1/[r2(Fo2) + (0.0800 P)2 + 0P] where
P = (Fo2 + 2Fc2)/3
a Absolute structure parameter [21–23].
Table 2
Bond length (Å) and angles () in the hydrogen-bonding scheme for (C6H9N2)2HgCl4.
D–H  A d(D–H) d(H  A) \DHA d(D  A)
N11–H11  Cl21i 0.86 2.282 166.01 3.124 (8)
N17–H17A  Cl21i 0.86 2.712 145.25 3.453(1)
N17–H17B  Cl24ii 0.86 2.455 163.48 3.289(1)
N21–H21  Cl12i 0.86 2.313 160.02 3.135(9)
N28–H28A  Cl11iii 0.86 2.616 148.15 3.378(2)
N28–H12B  Cl12 0.86 2.806 142.33 3.527 (2)
N31–H31  Cl23iv 0.86 2.961 138.70 3.652(1)
N37–H37A  Cl22v 0.86 2.723 134.39 3.383(2)
N37–H37B  Cl24iv 0.86 2.427 169.29 3.276(2)
N41–H41  Cl14i 0.86 2.311 174.55 3.169(9)
N47–H47A  Cl13i 0.86 2.606 140.31 3.314 (2)
N47–H47B  Cl11 0.86 2.497 165.42 3.337(2)
Symmetry codes: i: x  1, y, z; ii: x + 2, y + 1/2, z; iii: x + 1, y + 1/2, z + 1; iv:
x  1, y, z + 1; v: x, y, z + 1.2. Experimental
2.1. Synthesis of bis-2-amino-6-picolinium compound
The bis-2-amino-6-picolinium compound was prepared with
following method. At ﬁrst, each reactant, mercury chloride
(0.676 g, 32.5% in weight) and 2-amino-6-picolinium (1.08 g,
67.5% in weight) is dissolved in the dilute of HCl 37%, then the stoi-
chiometric quantities of mercury chloride (molar ratio 2:1) for a
few minutes. Second, such solutions were slowly combined in
autoclave and kept at 80 C under autogenous pressure for 8 h.
After cooling to room temperature, colorless single crystals suit-
able for X-ray structure determination were obtained.
2.2. Crystal data and structure determination
The X-rays diffraction data collection was obtained using a sin-
gle crystal selected by an optical examination. While the intensity
data were collected using a Siemens APEX II diffractometer, the
absorption corrections were applied using SADABS [19]. The com-
pound crystallizes, at room temperature, in the monoclinic system
with the non-centro-symetric space group, P21.
The structure was solved and reﬁned using SHELXS-97 and
SHELXL-97 [20] programs, respectively, down to R = 0.06 and
Rw = 0.12. Mercury, chlorine and two nitrogen atoms are locked
in the solution. Other non-hydrogen atoms positions are deter-
mined from subsequent Fourier series. Furthermore, all non-
hydrogen atoms were reﬁned anisotropically. All hydrogen atoms
were geometrically ﬁxed at the calculated positions attached to
their parent atoms, and treated as riding atoms. The crystal data,
collected reﬂections and parameters of the ﬁnal reﬁnement are
reported in Table 1 [21–23]. The main geometrical features of the
hydrogen bond scheme are described in Table 2.
2.3. Thermal behaviour and characterization
A NETZSCH STA 449F3 MDSC Differential Scanning Calorimeter
(DSC) was used to examine the phase behavior of the compound.
The spectra were obtained from temperature sweep experiments
by heating the mixed system from 250 to 850 K at the rate of 5/
min. The sample was weighed into aluminum pans, and covers
were crimped into place. Prior to the sample analysis, the baseline
was obtained with an empty, hermetically-sealed aluminum pan.The infra-red spectrum was recorded in the 400–4000 cm1 range
with a Perkin–Elmer FT-IR 1000 spectrometer using samples
pressed in spectroscopically pure KBr pellets.
The Raman scattering spectrum was recorded using a T-64000
Raman spectrometer (ISA, Jobin Yvon) with standard attachments.
Then, the beam source was an Argon, laser, Krypton, Titane-saphir,
semiconductor (k = 514.53 nm). The spectra were registered in the
range of 500–3500 cm1.
2.4. Electrical measurements
The electrical measurements were performed using two
electrode conﬁgurations on a polycrystalline sample, which in turn
was pressed into pellets of mm in diameter and 1.1 mm of thick-
ness using 3 t/cm2 uniaxial pressure. Electrical impedances were
measured in the frequency range from 209 to 5 MHz and the tem-
perature range between 293 and 378 K using the TEGAM 3550 ALF
automatic bridge monitored by a microcomputer.
Fig. 1. TGA and DSC curves of (C6H9N2)2HgCl4 crystal.
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3.1. Thermal property
The DSC measurements and TGA analyses were carried out to
characterize the phase transitions and the thermal stability of the
hybrid compound under investigation, presented in Fig. 1. The
decomposition of (C6H9N2)2HgCl4 compound observed by TGA
analysis, occured in one single step and showed a mass loss of
85% occurring between 461 and 673 K. This is not only in good
agreement with the content of organic component in (C6H9N2)2-
HgCl4 but also is consistent with similar compounds [24].
The DSC diagram obtained from polycrystalline shows three
peaks, two of which are endothermic at 404.73, 578.27 K corre-
sponding to the melting and molecular rearrangements, respec-
tively, and the remaining peak (exothermic) at 633.32 K is
relative to ﬁnal dissociation of the molecule.
3.2. Structure description
Fig. 2 illustrate the asymmetric unit of the structure drawn with
50% probability thermal ellipsoids, for non-hydrogen atoms, was
found to contain four unequivalent cations and two types of
chloro-mercurate tetrahedra.
The packing of (C6H9N2)2HgCl4 viewed along a axis created with
DIAMOND [25] (Fig. 3) demonstrates that an alternation of organic
–inorganic corrugated layers noted CI and CII, is made up of
[C6H9N2]2+ groups and isolated [HgCl4]2 tetrahedron. While the
CI layer, observed at z/c = 0, is composed of isolated Hg(1)Cl4,
(C6H9N2)(2) and (C6H9N2)(4) groups. Whereas, CII layer observed
at z/c = ½ is formed by Hg(2)Cl4, (C6H9N2)(1) and (C6H9N2)(3) enti-
ties. Each pair of the cations (1) and (3) or (2) and (4) located in
both sides of a triangle made up three HgCl4 tetrahedrons are par-
allel in opposite (Fig. 4a and b). A signiﬁcant mobility of the organic
cations can be justiﬁed by the fact that the cationic entities
[C6H9N2]2+ are connected to the chlorine atoms by rather weak
hydrogen bonds.In the ﬁrst layer (CI) Nitrogen atoms of each cations are oriented
toward bases of one HgCl4 tetrahedra. Therefore, organic and
inorganic groups connection is made via H-bonds (Fig. 4a). Both
un-equivalent cations ([C6H9N2]2+ (2) and C6H9N2]2+ (4)) locked
on triangle made up three HgCl4 tetrahedral establish three, two
and one H-bonding, respectively, with HgCl4 groups. Cation
[C6H9N2]2+ (2) build three H-bonds with three different chlorine
atoms. The other cation [C6H9N2]2+ (4) establish three H-bonds
with two different chlorine atoms. Consequently, angle observed
in carbon atom locked between N atoms (sp2) is greater than
120 in [C6H9N2]2+ (4), 122.20(1), and less than 120 in
[C6H9N2]2+ (2), 117.13(1) (Table 5. Supp.info).
In the second layer (CII), all Nitrogen atoms of both un-equiva-
lent cations are oriented to bases of the same HgCl4 tetrahedra,
(Fig. 4b). Both un-equivalent cations ([C6H9N2]2+ (1) [C6H9N2]2+
(3)) locked on triangle made up three HgCl4 tetrahedral, having
the same orientation, establish six H-bonds with six different chlo-
rine atoms. Four H-bonds are establish to base of the same HgCl4
tetrahedral and two H-bonds are establish to different chlorine
atoms belong to different HgCl4 tetrahedral. Where, the Cl(21) ac-
cepted two H-bonds. Consequently, angles observed in Hg(2)Cl4
are greater than 109 in Cl22—Hg2—Cl21, Cl22—Hg2—Cl23,
Cl22—Hg2—Cl24 (113.32(8); 110.53(1); 114.82(9)) and the
Hg(2)—Cl22 is the very short distance (2.420(3)) (Table 2). Taking
into account bond lengths and angles within the organic ions and
considering the calculated average values of the Baur distortion
indices [26]. {ID Hg(1)–Cl = 0.024(4), ID Cl–Hg(1)–Cl = 0.045(2);
ID Hg(2)–Cl = 0.011(2), ID Cl–Hg(2)–Cl = 0.034(8)}, we deduce that
all HgCl4 tetrahedra are slightly distorted, yet the Hg(1)Cl4 tetrahe-
dron is considerably distorted (Table 4 Supp.info).
These H-bond interactions, [HgCl4]2 acts either as a hydrogen
bond acceptor, receives 12N–H  Cl from 8 Nitrogen groups
donors. While each NH2 groups connected tow adjacent HgCl4 tet-
rahedral by the long H-bonds and the NH groups connected HgCl4
tetrahedral by the short H-bonds. The short N(H)  Cl distances
(N11, N21, N41), hence, are ‘‘charge-assisted’’, with here the N–H
donors and chloride (Cl) acceptors, based on an analysis of the
Fig. 2. Representation of the ellipsoid of thermal mean square displacements of non-hydrogen atoms at 50% of the asymmetric unit.
Fig. 3. Projection of crystal structure of (C6H9N2)2HgCl4 on bc plane, anions and cations are connected by NH  Cl hydrogen bonds (dashed lines).
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the very long (3.652(2)).Such connections can be classiﬁed as rather weak hydrogen
bonds (Table 2) [27,28]. As a consequence, we can assume that
Fig. 4. Packing diagram of layers CI (a) and CII (b).
Table 3
Main distances (Å) and bond angles () for the inorganic entities of (C6H9N2)2HgCl4;
(e.s.d. are given in parentheses).
Distances (Å) Angles ()
Anion 1
Hg1—Cl11 2.485(7) Cl13—Hg1—Cl11 114.03(8)
Hg1—Cl12 2.497(3) Cl13—Hg1—Cl12 116.10(8)
Hg1—Cl13 2.422(4) Cl11—Hg1—Cl12 103.45(8)
Hg1—Cl14 2.501(3) Cl13—Hg1—Cl14 112.55(9)
Cl11—Hg1—Cl14 108.36(9)
Cl12—Hg1—Cl14 101.17(9)
Anion 2
Hg2—Cl21 2.487(9) Cl22—Hg2—Cl21 113.32(8)
Hg2—Cl22 2.420(3) Cl22—Hg2—Cl23 110.53(1)
Hg2—Cl23 2.491(6) Cl21—Hg2—Cl23 106.23(1)
Hg2—Cl24 2.501(7) Cl22—Hg2—Cl24 114.82(9)
Cl21—Hg2—Cl24 104.29(1)
Cl23—Hg2—Cl24 107.04(1)
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overall stabilization of dimers in the structure [29].
The chiral cations ((2) and (4)) acquires a no-intrinsic symme-
try. Therefore, the chiralité result from solidstate packing was
traced to strong inter-molecular (Fig. 4a and b).
The cohesion between layers is assumed by p–p stacking inter-
actions established between parallel cations leads to chains along
the crystallographic c axis. The centroid–centroid distance be-
tween two adjacent organic rings varies from 3.864(2) to
4.995(1) Å, which is higher than 3.8 Å. However, the analysis of
the aromatic amino acids phenylalanine, tyrosine, histidine, and
tryptophan indicates that the dimers of these side chains have
many possible stabilizing interactions at distances larger than the
value (3.8 Å).
For a given single crystal only the conﬁguration can be found as
based on the absolute structure or Flack parameter of less than
0.029. Latter, close to zero conﬁrms the correct absolute structure.
In combination with other reﬁnement parameters and the orienta-
tion of Nitrogen groups in the same direction along c axis checked
non-centrosymmetric P21 space group [30].
As regards bond lengths and angles within the organic and
inorganic ions (Table 5 in Supp. Info and Table 3, respectively) they
are normally compared to those reported for the 2-amino-4-meth-
ylpyridiniumm ions and the ZnCl4 [31] and 1,4- Biphenylenedi-
amine as well as HgCl4 [32].3.3. vibrational study
Fig. 5(a and b) presents the IR and Raman spectra of the re-
ported compound at room temperature, respectively. Although a
detailed assignment of all the bands is difﬁcult, the most important
attribution mode is realized by comparison with similar com-
pounds [33–38]. The assignments of the bands observed in the
infrared and Raman spectra of (C6H9N2)2HgCl4 are listed in Table 6
(supp.info).
It is to be noted that the high-frequency region 3566 and
3406 cm1 in IR and 3328 cm1 in Raman is related to the symmet-
ric and asymmetric stretching of NH2. Furthermore, the bands
observed at 3303, 3202 and 3204, 3247 cm1 in IR and Raman,
respectively, is ascribed to symmetric and asymmetric stretching
of NH. Those observed at 2976 cm1 and 2921, 2966 cm1 in IR
and Raman, respectively, are assigned to the asymmetric stretching
of CH3. The C@C bending out of plane is exhibited at 1544 cm1 in
IR and 1553 cm1 in Raman. Nevertheless, the band observed at1430 cm1 in IR and 1429 cm1 in Raman is ascribed to C@N
stretching. The rocking vibration of CH3 is assigned to 10431 and
1005 cm1 in IR and Raman, respectively. While the bands ob-
served at 555, 592 and 702 cm1 are attributed to C–C scissoring
and torsion in IR, those observed at 564 and 732 in Raman are
due to C–N–C in plane bending. The bands observed at 445 cm1
in IR and 449, 529 cm1 in Raman correspond to C–C–C in plane
bending. Besides, the infrared and Raman study just conﬁrms the
presence of the C6H9N2 organic group because both techniques
are performed at more than 400 cm1.
3.4. Impedance analysis
To understand the electrical and dielectric properties of hybrid
materials were studied using the complex impedance spectros-
copy. It allows the determination of the conductivity of materials
and other characteristics such as activation energy.
With respect to complex impedance data, Z, it can be
represented by its real, Z0, and imaginary, Z00, parts by the relation
Z⁄ = Z0  iZ ‘‘ . Fig. 6 shows an example at 303 K of the impedance
spectra.
3.4.1. Frequency dependent conductivity
As for the frequency variation of the ac conductivity, rac (x), at
various temperatures, it is shown in Fig. 7. In fact, the rac increases
with the increase in frequency, which is a characteristic of xn.
Fig. 5. (a) Infrared spectrum of (C6H9N2)2HgCl4; (b) Raman spectrum of (C6H9N2)2HgCl4.
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various temperatures of the sample, it was analyzed using power
law universal equation: rac ¼ rdc þ Axn þ Bxm
Where rdc is the d.c. conductivity, A and B temperature-depen-
dent parameters determining the strength of polarizability, n andm
are the dimensionless frequency exponent parameters in the range
of 0 6 n 6 1, of 1 6m 6 2 [39,40] which represents the degree of
interaction between mobile ions with the lattices around them.
DC conductivity data are plotted in Arrhenius format as ln(rdc)
versus 1000/T (Fig. 8):
Trdc = D exp (Ea/KT); where D is the pre-exponential factor.
The activation energy of conduction Ea = 0.21(±0.05) eV. Fig. 9shows the variation of conductivity (r) at different temperatures.
Indeed the conductivity increases with the increase in temperature
(r > 0.2X1 cm1). These high values of conductivity allow the
classiﬁcation of this compound among the superconductors [41].
In order to explain the behavior of r with both frequency and
temperature, different theoretical models have been proposed to
correlate the conduction mechanism of AC conductivity with n(T)
behavior [42]. According to the quantum mechanical tunneling
model [43–45], the exponent n is temperature-independent. The
large overlapping polaron model [44] predicts that n decreases
with the increase in temperature up to a certain temperature
degree, after which, it begins to increase with further rise in
Fig. 6. (a–b) Variation of Z0 and Z00 with angular frequency at 303 K.
Fig. 7. The dependence of ac conductivity rac(x) on angular frequency at different temperatures for (C6H9N2)2HgCl4.
16 R. Elwej et al. / Inorganica Chimica Acta 406 (2013) 10–19temperature. The small polaron tunneling model and the classical
hopping model over a barrier separating two sites [45] predicts
that n decreases with the increase in temperature.
The values of exponent n decrease from 0.663 to 0.614.Compar-
ing our results of n(T), with the abovementioned models, it can be
concluded that according to the small polaron model or the classi-
cal hopping model over a barrier, separating two sites, are the most
probable conduction mechanism for the (C6H9N2)2HgCl4 crystal.3.4.2. Frequency dependence of dielectrical studies
The measured impedance data are used to calculate the imagi-
nary (e00) parts of the complex dielectric permittivity as: e⁄ = 1/
jxC0Z⁄ where Z⁄ is the complex impedance, C0 = e0S/e, S and e
are the area and the thickness of the sample, respectively and e0
is the permittivity of the vacuum.
The expression of the imaginary part (e00) of the dielectric per-
mittivity is:
Fig. 8. Plot of DC conductivity rdc versus 1000/T.
Fig. 9. Variation of conductivity r at different temperature of (C6H9N2)2HgCl4.
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The ﬁrst part in Eq. (1) is related to the thermal polarization and
the second one to the electrical conductivity. Besides, the angular
frequency dependence plots of the imaginary part of complex
dielectric permittivity (e00) at several temperatures between 293
and 378 K are represented in Fig. 10 from the ﬁtting Eq. (1). Whatis also worthy to observe is the increase in dielectric constant with
temperature. According to Nithya et al. [46], the dielectric constant
increases with the increase in temperature owing to the total
polarization that arises from the dipole orientation and the trapped
charge carriers.
The temperature dependence in electrical conductivity r0 cal-
culated from the ﬁtting from the imaginary part to Eq. (1) is well
described by an Arrhenius equation: rd.c(p) = A exp (Ea/K T)
where A is the pre-exponential factor, k the Boltzmann constant
Fig. 10. Frequency dependence of the imaginary part of the complex permittivity with temperatures.
Fig. 11. Plot of DC conductivity rdc(p) versus 1000/T.
18 R. Elwej et al. / Inorganica Chimica Acta 406 (2013) 10–19and Ea is the activation energy. Following the Arrhenius law, the
obtained activation energy of the sample crystal are
Ea = 0.18(±0.05) eV (Fig. 11). The value of activation energy
(0.18(±0.05) eV) is in the vicinity of the value calculated from the
Trdc (Ea = 0.21(±0.05) eV).
4. Conclusion
A new organic–inorganic (C6H9N2)2HgCl4 compound is crys-
tallized in the monoclinic system with P21 space group. The
atomic arrangement of the non-centrosymmetric compoundcan be described by the alternation of organic- inorganic lay-
ers. The material cohesion of the compound is assured by
hydrogen bonds (N–H  Cl) established between anions and
cations and p–p stacking interactions established between
parallels cations.
Infrared and Raman spectroscopy conﬁrms the presence of or-
ganic group C6H9N2. Moreover, the temperature dependence of
conductivity was analyzed using universal power law equation.
The activation energy of the conduction is Ea = 0.21 eV. The high
values of conductivity allow the classiﬁcation of this compound
among the superconductors.
R. Elwej et al. / Inorganica Chimica Acta 406 (2013) 10–19 19The values of the exponent n decrease from 0.663 to 0.614 leads
to the deduction that the small polaron model or the classical
hopping model over a barrier separating two sites are the most
probable conduction mechanism of the (C6H9N2)2 HgCl4 sample.
Appendix A. Supplementary material
CCDC 854917 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif. Supplementary data associated with this article
can be found, in the online version, at http://dx.doi.org/10.1016/
j.ica.2013.06.046.
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